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Over the last few decades, the expansion of shrub species in lichen-dominated ecosystems has had a negative impact on lichen abundance. In Nunavik (subarctic Québec), this expansion is mainly associated with the densification of dwarf birch (Betula glandulosa Michx.) stands. 1, 2 This species has seen its radial growth increase rapidly with the warming trend observed since the 1990s. 3 As a result, lichens such as Stereocaulon paschale (L.) Hoffm. (Stereocaulaceae) appear to be under threat in a large portion of the subarctic region. Hence, it is important to carry out phytochemical investigations on lichens of northern Quebec prior to their decline.
The genus Stereocaulon contains about 130 species; from the 40 species that have been studied phytochemically, 4 only 75 metabolites have been identified. 5 For example, only a few metabolites have been isolated from S. paschale previously, including ethyl haematommate, methyl-β-orsellinate, haematommate, lobaric acid, and heteroglycan. [6] [7] [8] Moreover, several interesting biological activities were reported for metabolites isolated from S. alpinum (antiinflammatory, 9 antioxidant, 10 antibacterial, 10 tyrosinase protein phosphatase 1B inhibition, 11, 12 5-lipoxygenase inhibition, 13 human tumor cell line cytotoxicity 12 ), S. halei (antioxidant 4 ), S.
evolutum (antiviral -HCV 5, 14 ) , and S. sasakii (antimitotic 15 ).
The methanol extract was chosen in this first thorough phytochemical study of the lichen Stereocaulon paschale as more material was available than the other extracts produced. Mediumpressure liquid chromatography (MPLC-UV) fractionation of the methanol crude extract led to the isolation and identification of two new dibenzofurans, 1 and 3, and eleven known lichen metabolites. In this contribution, the antimicrobial properties of the isolated compounds against the major pathogens, Streptococcus mutans, Porphyromonas gingivalis, and Candida albicans, are also reported.
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The methanol crude extract was analyzed by HPLC-PDA and HPLC-TOF-HRMS to identify compounds that have already been isolated from the genus Stereocaulon. 5, [15] [16] [17] This dereplication procedure provided an unambiguous assignment of the molecular formula of compounds 4-13 (Figure S76 and Table S1 , Supporting Information). Comparison of these data with those previously reported for compounds isolated from species of the genus Stereocaulon enabled the dereplication of methyl-β-orsellinate (4), methyl-haematommate (5) and lobaric acid (13) as metabolites frequently reported in Stereocaulon species. Similarly, compound 6 was identified as sakisacaulon A from Stereocaulon sasakii, and compounds 7-11 as diphenyl ethers described in S. azoreum and S. alpinum. Compounds (1-3) exhibited molecular formulas that could not be associated with secondary metabolites previously identified in Stereocaulon lichens and were isolated for de novo structure determination ( Figure S76 and Table S1 , Supporting Information).
The methanol extract (2.5 g) was fractionated by medium-pressure liquid chromatography (MPLC) to isolate the potentially novel compounds 1-3. To ensure similar selectivity for a precise separation prediction, an efficient scale-up from HPLC to MPLC was performed by geometric transfer of the analytical HPLC conditions to preparative MPLC using chromatographic calculations. 18 This fractionation also led to the isolation of the other constituents (4-13) that were identified as compounds previously described in the genus
Stereocaulon by the dereplication procedure used ( Figure S76 and Table S1 , Supporting Information). Compounds 4, 5, and 13 were isolated directly from the MPLC fractionation without any further purification. Methyl β-orsellinate (4), methyl haematommate (5) and lobaric acid (13) were confirmed by 1D and 2D NMR, and HRMS. 11, 19 It has been reported that monoaryl compounds 4 and 5 can be artifacts from the methanolysis of the depside atranorin. 20 However, no trace of the depside atranorin was detected by HPLC-PDA-MS in the hexanes, dichloromethane and methanol extracts. In addition, no trace of atranorin was observed by HPLC-PDA-MS in a freshly prepared crude acetone extract. Therefore, compounds 4 and 5 are not artifacts from methanolysis.
Further purification was achieved by semi-preparative HPLC and led to the isolation at the milligram scale of ten compounds (1-3 and 6-12). The additional spectroscopic data obtained by 1D and 2D NMR confirmed the conclusions made by dereplication of compounds 6-12:
sakisacaulon A (6), 15 methyl lobarin (7), 10 esterified lobarin (8), 17 methyl sakisacaulon (9), 5, 17 esterified sakisacaulon (10), 17 anhydro sakisacaulon A (11), 5, 17 norlobaric acid (12) 5 . In addition, the investigation showed that 2 corresponded to isostrepsilic acid, a dibenzofuran previously isolated from mycobiont culture of Usnea orientalis. 20 Diphenyl ethers (6) (7) (8) (9) (10) (11) are closely related to lobaric acid (13), the major compound of the crude extract, and norlobaric acid (12) is the non-methylated derivative of 13. The co-occurrence in the lichen S. paschale of pseudodepsidones 6-11 and the depsidone lobaric acid (13) suggests that they may be produced by the cleavage of the depsidone linkage of lobaric acid ( Figure S81 , Supporting Information). indicated that these four aromatic protons belong to two aromatic rings (A for H-2 and H-4 and B for H-6 and H-8) and that they are in a meta position to each other. The HMBCs correlations from the hydroxymethyl (H-9') to C-8, C-9 (C 134.7) and C-9a (C 114.8) allowed this methylene to be located on ring B in an ortho position to H-8, whereas the methyl group H-1'
was placed on ring A in an ortho position to H-2 due to its correlations with C-1 (C 132.4), C-2 and C-9b (C 115.7). The remaining carbons were assigned to oxygenated sp 2 quaternary carbons as indicated by their 13 C NMR chemical shifts (C 157.9, 157.8, 155.7 and 155.6 for C-5a, C-4a, C-3 and C-7, respectively). [21] [22] [23] On the basis of the molecular formula (C14H12O4), a dibenzofuran structure was proposed. The NOESY correlations from the hydroxymethyl to the methyl H-1'
and H-8 and from the methyl to H-2 confirmed the structure of 1 as a new dibenzofuran, 9-
The UV spectrum of 1 (218, 239, 256 and 309 nm) was consistent with a dibenzofuran structure. Similar UV spectra were obtained for norascomatic acid (or hypostrepsilic acid), hypostrepsilalic acid and strepsilin, three dibenzofurans previously isolated from cultured mycobiont of Evernia esorediosa, S. japonium and S. evolutum. 5, 21, 22 The 1 H NMR and 13 C NMR spectra of compound 1 showed close similarities to analogous data for isostrepsilic acid (2) ( Table 1) . 20 When compared with isostrepsilic acid (2), the 1 H NMR spectrum of 1 displayed an additional aromatic proton (H-2), which replaced the carboxylic acid group. supported the carboxylic acid function being positioned at C-9. All these data indicated that 3 is a new dibenzofuran, 3,7-dihydroxy-1-methyldibenzofuran-2,9-dicarboxylic acid.
In this contribution, the phytochemical investigation of S. paschale has led to the first isolation of ascomatic acid dibenzofurans derivatives (1-3) from a whole lichen organism. [20] [21] [22] [23] [24] Indeed, isostrepsilic acid (2) 21 Based on these results, compounds 1, 3 and isostrepsilic acid (2) appear to be derivatives of norsacomatic acid (or hypostrepsilic acid), and might be produced by final modification including decarboxylation and oxidation reactions.
Isostrepsilic acid (2) aureus. 10 Based on those results, the antimicrobial activity of the isolated compounds from the methanol extract were investigated against a fungus, Candida albicans and two bacteria:
Porphyromonas gingivalis and Streptococcus mutans, to identify new antimicrobial agents.
Those pathogens were chosen as they are involved in important oral infections, namely, candidiasis, periodontal disease, and dental caries, respectively. [25] [26] [27] Active compounds endowed with a capacity to exert antimicrobial activity towards these oral pathogens have received considerable attention as they may represent potential new therapeutic agents for the prevention/treatment of oral infections. The MIC and MBC values measured are presented in Table 2 . None of the compounds studied was able to inhibit the growth of C. albicans at a concentration of 80 µM. However, all pseudodepsidone-type metabolites (6-11) and lobaric acid Sciences de l'Environnement, Université du Québec à Trois-Rivières). 31 The whole thallus was air-dried and stored at room temperature for approximately two months.
Extraction and Isolation. The air-dried thallus (130.7 g) was ground in liquid nitrogen and extracted successively under maceration and agitation at room temperature with hexanes (3 x 600 mL), dichloromethane (4 x 600 mL), and methanol (4 x 600 mL). The extracts were concentrated under vacuum to yield, respectively, 0.39 g of a hexanes extract (0.29%), 3.22 g of a dichloromethane extract (2.5%), and 7.01 g of a methanol extract (5.4%).
A portion of the methanol extract (2.5 g) was fractionated initially using a Biotage Isolera™
Prime system equipped with a SiliCycle SiliaSep ISO120 (256 x 42 mm i.d.) flash cartridge loaded with C18 silica gel as the stationary phase (40-63 µm). The crude extract was mixed with 7.50 g of C18 reversed-phase silica gel (40-63 µm, carbon 17%, Siliabond C18 (17%), Silicycle) and 2.25 g of Ottawa sand. To introduce the extract in the flash cartridge, the mixture was loaded in an empty solid-load cartridge (60 mL, Silicycle) which was connected to the flash cartridge using a plunger for a solid load cartridge (Siliasep plunger, 60 mL). The separation conditions for the MPLC fractionation were determined by performing a geometric transfer of the HPLC-PDA conditions. 18 The solvent system used was (A) H2O containing 0.1% of TFA and (B)
MeOH. The UV absorbance was measured at 254 and 210 nm. A linear gradient from 40% to 100% in 350 min followed by 100% of B for 18 min at a constant flow rate of 10 mL/min was performed and yielded 389 fractions. Further purification was performed for fractions A, B, and E-H (Table S2, All the above assays were run in triplicate. Penicillin G was used for bacteria and nystatin for C.
albicans as reference controls for growth inhibition ( Table 2 ). 
